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DESCRIPTION 

METHOD FOR MEASURING INCIDENT LIGHT AND SENSOR HAVING 
SPECTROSCOPIC MECHANISM EMPLOYING THE SAME 

Technical Field 

The present invention relates to a method for measuring 
incident light and a spectroscopic sensor employing the same, 
and in particular, to a method for measuring incident light, 
the method for detecting wavelength and intensity of light 
incident on a semiconductor device, and a sensor having a 
spectroscopic mechanism employing the same. 

Background Art 

In an image sensor used in single-CCD video cameras, 
red, green, and blue filters are provided on each photo 
detector (e.g., photodiode) to produce color images. 

In three-CCD video cameras, incident light is separated 
into three light components, i.e., red, green, and blue with 
an optical prism and each of the light components is 
detected with three separate image sensors. 

Hitherto, in order to check wavelength and intensity of 
incident light, a spectroscopic separation is performed 
using a grating or the like and the intensity distribution 
of each light component is then measured with a power meter 
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or the like. 

A trial for obtaining color information of red, green, 
and blue with a single photodiode is also known (refer to 
Patent Document 1 below) . According to this approach, three 
diffusion layers having a depth of 0.2 |am, 0.6 Jim, and 2 ^m 
are disposed on a silicon substrate so as to overlap with 
each other, and currents generated from each junction are 
detected. 

[Patent Document 1] 

U.S. Patent No. 5,965,875 (the fourth column to the 
fifth column. Fig. 6) 

Disclosure of Invention 

However, in the above-described single-CCD video 
cameras, since three photo detectors are required to produce 
color images, the resolution is decreased to one third. In 
addition, the sensitivity is decreased because of an optical 
absorption by the color filters. 

In the three-CCD video cameras, the presence of the 
optical prism increases the size of the camera itself. 

Furthermore, the size of the spectroscopic instrument 
is increased because a grating or the like is used. 

In the method of color separation by an active pixel 
imaging array having a triple-well structure, which is 
disclosed in Patent Document 1, red is also unintentionally 
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detected in the nearest junction that detects blue, and thus 
the resolution of color information of red, green, and blue 
is low. Furthermore, disadvantageously, this method does 
not provide information about the relationship between 
wavelength and intensity. 

Also, in the method described in Patent Document 1, the 
depth (position) of electrons to be captured cannot be 
varied. 

In view of the above situation, it is an object of the 
present invention to provide a method for measuring incident 
light employing a simple semiconductor structure provided 
with a single electron-capturing section corresponding to 
incident light, and a sensor having a spectroscopic 
mechanism employing the same. 

In order to achieve the above object, the present 
invention provides the following items: 

[1] In a method for measuring incident light, the 
method employs a semiconductor structure including an 
electrode film transmitting incident light and being applied 
with a gate voltage, and a diffusion layer for capturing 
electrons generated by the incident light, the diffusion 
layer being disposed under the electrode film with an 
insulating film provided therebetween. In the method, the 
gate voltage is varied, the depth from the surface of the 
diffusion layer in which electrons are captured is varied. 
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and a current indicating the quantity of the electrons is 
measured, thereby measuring wavelength and intensity of the 
incident light. 

[2] In the method for measuring incident light 
described in item [1], the number of times of varying the 
gate voltage is set according to the type of the incident 
light. 

[3] A spectroscopic sensor includes a semiconductor 
substrate; a first diffusion layer provided on the 
semiconductor substrate; a second diffusion layer provided 
at a part of the first diffusion layer; and an electrode 
film provided on the first diffusion layer with an 
insulating film provided therebetween, the electrode film 
transmitting incident light and being applied with a gate 
voltage. In the spectroscopic sensor, the first diffusion 
layer in which electrons generated by the incident light are 
captured is varied so as to correspond to the gate voltage, 
and a current indicating the quantity of the electrons is 
measured, thereby measuring wavelength and intensity of the 
incident light. 

[4] In the spectroscopic sensor described in item [3], 
the first diffusion layer includes a p-type diffusion layer, 
the second diffusion layer includes an n*^ diffusion layer, 
and the semiconductor substrate includes an n-type 
semiconductor substrate . 
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[5] In the spectroscopic sensor described in item [3], 
the electrode film being applied with a gate voltage is a 
polycrystalline silicon film doped with an impurity. 

[6] A spectroscopic sensor array including the 
spectroscopic sensors described in item [3] being disposed 
one dimensionally or two-dimensionally is provided. The 
spectroscopic sensor array is switched with a shift register 
formed with the spectroscopic sensor array to read signals, 
the depth for capturing electrons is varied to measure 
signals at each time, and the intensities of wavelengths of 
red, green, and blue are calculated from the signals to 
output color image signals. 

[7] In a color image sensor without a color filter 
described in item [6], a noise-eliminating circuit is 
provided at an output part of the color image signals. 

[8] In a color image sensor without a color filter 
described in item [6], the depth for capturing electrons is 
varied every 1/180 seconds. 

Brief Description of the Drawings 

Fig. 1 is a perspective view showing a partial cross- 
sectional view of a spectroscopic sensor that measures 
incident light, according to an embodiment of the present 
invention. 

Fig. 2 is a characteristic diagram of the spectroscopic 
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sensor in the case where Vg is -1 V. 

Fig. 3 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 0 V. 

Fig. 4 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 1 V. 

Fig. 5 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 2 V. 

Fig. 6 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 3 V. 

Fig. 7 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 4 V. 

Fig. 8 is a characteristic diagram of the spectroscopic 
sensor in the case where Vg is 5 V. 

Fig. 9 is a characteristic diagram of a spectroscopic 
sensor according to an embodiment of the present invention 
in the case where the voltage applied to a substrate is 5 V 
and Vg is 0 V (corresponding to Fig. 3) , and the depth of a 
p-type diffusion layer is 10 l^m (full scale in the Z 
coordinate) . 

Fig. 10 is a characteristic diagram of the 
spectroscopic sensor according to the embodiment of the 
present invention in the case where the voltage applied to 
the substrate is 10 V and Vg is 0 V, and the depth of the p- 
type diffusion layer is 10 |am (full scale in the Z 
coordinate) . 
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Fig. 11 is a plan view of a unit of a spectroscopic 
sensor of the present invention. 

Fig. 12 is a plan view of the overall spectroscopic 
sensors (4 x 4) of the present invention. 

Fig. 13 is a block diagram of a color image sensor 
system without a color filter, according to an application 
of the present invention. 

Best Mode for Carrying Out the Invention 

Embodiments of the present invention will now be 
described in detail. 

First, a fundamental principle for obtaining wavelength 
information of incident light will be described- 
Light irradiated on a semiconductor device enters the 
semiconductor device and is attenuated while being absorbed. 
The degree of attenuation depends on the wavelength of the 
incident light. 

Consequently, the present invention focuses attention 
on the following: If a depth (position) capable of 
collecting electrons generated by light can be varied and 
the currents thereof can then be measured, wavelength 
information of incident light can be obtained by the 
following method (of course, electron holes that are 
simultaneously formed with the electrons may be accumulated) . 
For example, suppose that two light components having 
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wavelengths of 'kl and X2 are simultaneously incident with 
intensities of Ai and A2, respectively. Suppose that when 
the current generated by electrons in a distance from the 
surface to an electron-capturing position Wi is measured, 
the current is represented by current Ii. 

Subsequently, suppose that when the current generated 
by electrons in a distance to an electron-capturing position 
W2 is measured, the current is represented by current I2. 
This phenomenon can be represented by the following 
equations [refer to Supplementary explanation 1] : 

[Equation 1] 

I , = -^jS^ ( 1 - e-«.^. ) + -AlS_q ( ^ _ ^^«^w, ) 
h V I h V2 

I 2 = ^^J-Sq. ( 1 ^ e"«.^« ) + ^'^"^ ( 1 - e-«^w^ ) - ( 1 ) 
h V I h V 2 

In the equations, each parameter is as follows: 
Ai and A2: intensity of incident light [W/cm^] 
S: sensor area [cm^] 

Wi and W2: electron-capturing position [cm] 
Oil and a2: absorption coefficient at each wavelength 
[cm-^] 

Ii: observed value of current [A] when the electron- 
capturing position is Wi 

I2: observed value of current [A] when the electron- 
capturing position is W2 

Frequency Vi = c/Xi 
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Frequency V2 = 0/^2 

Here^ c represents the light velocity, S represents an 
area of light-receiving section, hv represents photon energy, 
and q represents an electron volt. All the values except 
for the intensities Ai and A2 of incident light are known 
values. Accordingly, the intensities Ai and A2 of incident 
light can be determined by solving simultaneous equations 
from the two equations. 

For example, the intensities Ai and A2 of incident light 
are represented as follows: 



[Equation 2] 
A _ I iZ- I 2X 
WZ-XY 

A _ I2W-I lY 
WZ-XY 

Each parameter is as follows: 
[Equation 3] 

SqCl-e-"-^' ) x= Sq(l-e-«'^- ) 

h V I h V 2 

Sq(l-e-°-^' ) „ S q ( 1 - e-"'^' ) 

h V 1 h V 2 



(2) 



(3) 



For example, when incident light is separated into 
three wavelengths, a current I3 when the electron-capturing 
position is W3 is added to equation (1) . Subsequently, the 
calculation is performed as in the case of two wavelengths, 
thus separating the incident light into three wavelengths. 

Similarly, when light incident with 100 wavelengths is 
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spectroscopically separated, the electron-capturing position 
should be varied 100 times and the measurement is then 
performed. 

[Supplementary explanation 1] 

When monochromatic light is incident, a current 
generated to a depth (position) W in a semiconductor can be 
determined by a calculation. When light is incident on a 
semiconductor, the light intensity is exponentially 
attenuated. Accordingly, a light intensity O at a depth x 
is represented as follows: 

[Equation 4] 

<l>=(t>^ e"""" ( 4 ) 

wherein Oq: intensity of incident light [W/cm^] 
a: absorption coefficient [cm"""^] 

From this equation, the ratio absorbed to a depth W is • 
determined as follows: 
[Equation 5] 

0 = 1 — e~«^ ( 5 ) 



From these equations, a current generated to the depth 
W is determined by the following equation: 
[Equation 6] 

I = <^o Sq (i_g-aW) --(e) 
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wherein S: area [cm^] of light-receiving section 
hv: photon energy [J] 
q: electron volt [J] 

It is equation (1) that these equations are represented 
with respect to each wavelength. 

Embodiments of the present invention will now be 
described in detail - 

Fig. 1 is a perspective view showing a partial cross- 
sectional view of a spectroscopic sensor that measures 
incident light, according to an embodiment of the present 
invention. 

In this figure, reference numeral 1 indicates an n-type 
silicon substrate (n-type substrate) , reference numeral 2 
indicates a p-type diffusion layer (p-type well) formed in 
the n-type silicon substrate 1, reference numeral 3 
indicates an n"^ diffusion layer formed at a part of the p- 
type diffusion layer 2, reference numeral 4 indicates a 
silicon oxide (Si02) film formed on the p-type diffusion 
layer 2, reference numeral 5 indicates an Al electrode 
connected to the n^ diffusion layer 3 and being applied with 
a reference voltage, reference numeral 6 indicates an 
electrode that is connected to the p-type diffusion layer 2 
and is connected to ground, reference numeral 7 indicates a 
polycrystalline silicon (poly-Si) film formed on the upper 
part of the silicon oxide film 4 and being doped with an 
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impurity, and reference numeral 8 indicates a gate electrode 
connected to the polycrystalline silicon film 7. The 
polycrystalline silicon film 7 functions as an electrode 
capable of transmitting light via the silicon oxide film 4. 

In order to vary a depth (position) from the surface of 
the p-type diffusion layer 2 in which electrons are captured, 
for example, the spectroscopic sensor has a structure in 
which the p-type diffusion layer 2 is provided in the n-type 
silicon substrate 1 and the polycrystalline silicon (poly- 
Si) film 7 doped with an impurity and functioning as an 
electrode capable of transmitting light via the silicon 
oxide film 4 disposed on the upper part of the p-type 
diffusion layer 2 is disposed. The n**" diffusion layer 3 is 
disposed beside the polycrystalline silicon film 7 capable 
of transmitting light and being doped with an impurity in 
order that captured electrons are taken out to the outside. 
The p-type diffusion layer 2 and the n-type silicon 
substrate 1 include contacts for extending wiring to keep 
the electric potential of these constant - 

Figs. 2 to 8 are characteristic diagrams of the 
spectroscopic sensor shown in Fig. 1. Fig. 2 shows the case 
where Vg is -1 V, Fig. 3 shows the case where Vg is 0 V, Fig. 
4 shows the case where Vg is 1 V, Fig. 5 shows the case 
where Vg is 2 V, Fig. 6 shows the case where Vg is 3 V, Fig. 
7 shows the case where Vg is 4 V, and Fig. 8 shows the case 
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where Vg is 5 V. Here, Vg represents a gate voltage 
(electric potential of the gate electrode 8) . In each 
figure, the value 0.0 in the Z coordinate axis represents 
the surface of the p-type diffusion layer, the actual line 
represents a depth (position) W from the surface of the p- 
type diffusion layer in which electrons are captured, B 
represents a p-well part, and C represents a pn junction 
part with the substrate (these are representatively shown in 
Fig. 2 but are the same in Figs. 3 to 8) . 

For example, in the case where the concentration of 
impurity in the p-type diffusion layer 2 is 2 x 10"^^ cm'"^ 
(junction depth: 5 l^m) , the concentration of impurity in the 
n-type silicon substrate 1 is 1.5 x lO'*'^ cm"'^, and the 
thickness of the silicon oxide film 4 is 65 nm, when the 
electric potential of the gate electrode 8 is varied from -1 
V to 5 V (Fig. 2 to Fig. 8) (while 5 V is applied on the n- 
type silicon substrate 1), the depth W f rom . the surface of 
the p-type diffusion layer 2 in which electrons are captured, 
is varied from 0 jiim to 2.3 |im. 

The figures show the results of a simulation when 5 V 
is applied on the silicon substrate 1. However, the voltage 
applied on the substrate is not fixed to 5 V but is variable. 

Fig. 9 is a characteristic diagram of a spectroscopic 
sensor according to an embodiment of the present invention 
in the case where the voltage applied to the substrate is 5 
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V and Vg is 0 V (corresponding to Fig. 3), and the depth of 
the p-type diffusion layer is 10 (im (full scale in the Z 
coordinate) . Fig. 10 is a characteristic diagram of the 
spectroscopic sensor according to the embodiment of the 
present invention in the case where the voltage applied to 
the substrate is 10 V and Vg is 0 V, and the depth of the p- 
type diffusion layer is 10 |iim (full scale in the Z 
coordinate). In these figures, the value 0.0 in the Z 
coordinate axis represents the surface of the p-type 
diffusion layer and the value 10.0 in the Z coordinate axis 
represents the bottom surface of the p-type diffusion layer 
(the surface of the silicon substrate) . When Fig. 9 and Fig. 
10 are compared, the variation in the voltage applied on the 
substrate somewhat affects the pn junction part C with the 
substrate, the p-well part B, and the depth W from the 
surface of the p-well in which electrons are captured 
(mainly, the degree of decrease in the pn junction part C 
with the substrate is increased) , but a significant 
difference does not occur. Therefore, in the present 
invention, the function of the spectroscopic sensor can be 
carried out by varying Vg while the voltage applied on the 
substrate is constant, thereby varying the depth W from the 
surface of the diffusion layer in which electrons are 
captured. 

Figs. 11 and 12 show (photographs of) spectroscopic 
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sensors having this structure, which have been actually 
produced. Fig. 11 shows a plan view of a unit of the 
spectroscopic sensor and Fig. 12 shows a plan view of the 
overall spectroscopic sensors (4x4). 

Table 1 shows a measurement result in the device 
actually produced according to the present invention using 
two types of light-emitting diodes (blue and red) whose 
wavelengths are actually known. 



[Table 1] 





Blue 

{X = 470 nm) 


Red 

{X = 640 nm) 


Signal ratio 
(blue/red) 


Intensity of 
incident light 
[^iW/cm^l 


271 


861 


0.315 


Detection 

result 

[^W/cm^] 


222 


712 


0.312 



As is apparent from Table 1, although the absolute 
values of intensity of light are shifted from those that 
were actually incident, the ratios of the signals were the 
same. When optical reflection is considered, the detection 
can be accurately performed. 

[Example of measuring method] 

When three types of incident light are incident, the 
measurement is performed as follows: 

(1) For example, a gate voltage of 1 V is applied to 
the polycrystalline silicon film 7 transmitting incident 
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light and being doped with an impurity being applied with 
the gate voltage. The current flowing at the time is read. 

(2) Subsequently, a gate voltage of 2 V is applied to 
the polycrystalline silicon film 7 and the current flowing 
at the time is read. 

(3) Subsequently, a gate voltage of 5 V is applied to 
the polycrystalline silicon film 7 and the current flowing 
at the time is read. 

(4) The intensities in each wavelength of the incident 
light are calculated by the above equations on the basis of 
the resulting current values. 

As described above, hitherto, a mechanical instrument 
such as a grating is necessary to separate the wavelength of 
light. In contrast, according to the spectroscopic sensor 
of the present invention, wavelengths of incident light can 
be plotted with a resolution of 100 by performing the 
measurement while the depth (position) for capturing 
electrons in the diffusion layer is varied a plurality of 
times (e.g., 100 times). Thus, the light can be divided 
into wavelengths and a grating or the like is not required. 

Furthermore, the present invention can be used for the 
following applications . 

[Example 1] Color image sensor without color filter 

Fig. 13 is a block diagram of a color image sensor 
system without a color filter, according to an application 
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of the present invention. 

In the figure, reference numeral 11 indicates a 
spectroscopic sensor array, reference numeral 12 indicates a 
vertical selector (v. scanner) , reference numeral 13 
indicates a noise-eliminating circuit (column CDS) , 
reference numeral 14 indicates a horizontal selector (h. 
scanner) , Vsigl indicates an optical signal output 1, Vsig2 
indicates an optical signal output 2, VsigS indicates an 
optical signal output 3, and Vbw and Vb? indicate biases for 
low current driving. 

Thus, the spectroscopic sensors of the present 
invention are arrayed one-dimensionally or two-dimensionally 
and the spectroscopic sensor array 11 is switched with a 
shift register formed therewith to read signals- In order 
to suppress noise during each switching, the noise- 
eliminating circuit 13 is also mounted on an output part of 
the signals. For example, the depth (position) for 
capturing electrons is varied every 1/180 seconds and 
signals at each time are measured. The intensities of 
wavelengths of red, green, and blue are calculated from the 
signals to output color image signals. 

[Example 2] Fluorescent sensor 

Bio-reactions generally utilize fluorescent reactions - 
In general, fluorescence is generated by irradiating light 
(excitation light) having a short wavelength and the 
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resulting fluorescence is observed. A band pass filter that 
does not transmit the excitation light but transmits only 
the fluorescence is used in general image sensors because 
the fluorescence is hidden by the excitation light. 
Consequently, the instrument has large dimensions. 

Use of the spectroscopic sensor of the present 
invention allows only fluorescence excluding excitation 
light to be measured without using a band pass filter. 

The present invention is not limited to the above 
examples. Various modifications can be made on the basis of 
the purpose of the present invention and those modifications 
are not excluded from the scope of the present invention. 

As described in detail, the present invention can- 
provide the following advantages. 

(A) A method for measuring incident light employing a 
simple semiconductor structure provided with a single 
electron-capturing section corresponding to incident light, 
and a spectroscopic sensor employing the same are provided. 

(B) A color image sensor without a color filter can be 
provided as an application of the spectroscopic sensor. 

Industrial Applicability 

A method for measuring incident light according to the 
present invention and a sensor having a spectroscopic 
mechanism employing the same can be used as a spectroscopic 
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sensor and a color image sensor without a color filter, 
which is an application of the spectroscopic sensor. 



